A calibration facility has been developed to measure the peak diameter of particles suspended in liquid using differential mobility analysis (DMA). A description of the facility and the features that contribute to measurements with low uncertainties is included. Analysis of the DMA convolution integral allows correcting for the effects of charging probability, size distribution, and transfer function on the measured peak particle size. Current research using electrospray to aerosolize the particles is aimed at expanding the measurement size interval.
INTRODUCTION
The Semiconductor Industry Association has specified an International Technology Roadmap for Semiconductors that emphasizes the need to detect and characterize defects and particles on wafers in order to further device miniaturization. It is anticipated that by 2005 accurate calibration particles as small as 30 nm will be needed. Improved standards for particles are necessary for wafer manufacturers and device manufacturers to consistently characterize particle contamination on wafers. In response, the National Institute of Standards and Technology (NIST) has developed a calibration facility to accurately measure particles in the submicrometer size range. The measurement facility is now offered as a special test, but it will become a NIST calibration service as demand for these measurements increases.
The NIST calibration facility uses electrical differential mobility analysis to measure the peak particle diameter of particles suspended in liquids by nebulizing the suspension and measuring the size distribution of the particles in aerosol form. The service is primarily designed for measuring polystyrene latex (PSL) spheres in water with a narrow size distribution. Customers targeted are those who need to demonstrate NIST Traceability [1] or who cannot use other techniques to measure the particles. Particles of mean diameter size in the range of 50 nm to 400 nm are measured with an expanded uncertainty (95 % confidence interval) of 1.5 % of the peak size. The samples tested in the calibration facility will be characterized with a certified peak particle diameter and size distribution (not certified).
A detailed account of the measurement service available and the theory behind the method is described in a calibration service document by Mulholland and Donnelly [2] .
Plans are to expand the measurement ability to sizes from 20 nm to 800 nm. In the future we also plan to provide certified information regarding the standard deviation of the size distribution.
FACILITY DESCRIPTION
The NIST particle size calibration facility is based on the principle of electrical differential mobility analysis. The particle size, D p , is related to the electrical mobility, Z p , by equating the electric field force of a singly charged particle to the Stokes friction force as in the following equation:
where // is the dynamic viscosity of air, and e is the electron charge. The Cunningham slip correction, C(Z) 7J ), corrects for the non-continuum gas behavior on the motion of small particles and is a function of the mean free path of air as well as the particle diameter.
Measurements of the particle diameter are made by separating aerosol particles based on their electrical mobility. First, a pneumatic nebulizer together with a heated tube, diluter, and neutralize!* generates a steady aerosol production of uniformly dispersed polystyrene spheres starting from a suspension of the spheres in water. The particles then go to a bipolar charger, consisting of 2 mCi of Kr-85 radioactive gas contained in a capillary tube, where they collide with bipolar ions. The result is an aerosol with an equilibrium charge distribution that is a function of the particle size (discussed later). After passing through the bipolar charger, the aerosol flows to the differential mobility analyzer (DMA). The DMA consists of an inner cylindrical rod connected to a variable voltage dc power supply and an outer annular tube connected to ground. The rod voltage can be adjusted from 0 V to -10,000 V, while the outer cylindrical chamber is kept at ground potential, which produces an electrical field within the annulus. The aerosol flow enters the top of the DMA chamber and is joined by a sheath flow of clean air. Both flows travel through the annulus to the bottom of the chamber. The positively charged particles move towards the center rod due to the voltage potential. A small slit in the rod allows for the passage of particles with a nearly monodisperse size with mean electrical mobility, Z, computed as:
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where qsheath is the sheath flow, V is the rod voltage, L is the length from the aerosol entrance to the slit, and TI and r 2 are the inner and outer radii of the annulus, respectively. Adjusting the voltage changes the mobility or, equivalently, the diameter of the particles exiting the DMA as given by Eq. (1). The particle concentration is determined using a condensation particle counter. The CPC detects particles exiting the DMA by condensing supersaturated butanol vapor onto the particles to increase their diameter to more than 5 jam. At this size the droplets are easily detected and counted individually via light scattering using a diode laser and a photodiode detector. The CPC is capable of detecting particles of diameter 7 nm and larger.
Features for Accurate Measurement
A key feature of the calibration facility is the use of the NIST SRM® 1963 to ensure accurate size measurements with low uncertainties. Test particles are measured relative to the SRM®. The SRM® 1963 has a diameter of 100.7 nm with a combined standard uncertainty of ± 0.47 nm, and we believe it is the most accurately characterized particle in the less than 250 nm diameter range [3] . Use of the SRM® for daily calibration of the measurement facility ensures accurate and repeatable particle measurements. Any problems that could cause erroneous particle measurements are immediately apparent from inconsistencies in the SRM® measurements.
Other features of the facility include the use of NIST traceable instrumentation for measurement of the temperature and pressure, which are key variables affecting electrical mobility through the slip correction and viscosity terms in Eq. (1). Ultra-stable thermistors provide accurate temperature measurements at two locations in the sheath flow. One thermistor is located in the upper sheath flow just before it enters the DMA and the other is located after the DMA exit. The thermistors are type CSP Thermoprobes manufactured by Thermometrics Incorporated 1 , with NIST traceable calibrations. The sheath temperature measurements have a combined standard uncertainty of ± 0.15 °C.
The barometric pressure is measured using a Mensor Corporation Model 4011 digital pressure transducer containing an ion-implanted silicon strain gage. The pressure transducer has a NIST traceable calibration with a relative combined standard uncertainty of ± 0.010 % over the range of 70 kPa to 140 kPa and a resolution of 0.0013 kPa. The pressure transducer and each of the thermistors provide an updated digital output to the data acquisition system at a rate of 1 Hz for continual monitoring of the environmental conditions used in the diameter calculations.
The appropriate pressure for computing the slip correction in Eq. (1) is the pressure within the DMA; thus the pressure drop across the exit slit must be determined to correct the pressure reading made at the monodisperse outlet tube. The pressure drop inside the classifier was measured as a function of sheath flow as well as aerosol flow through the classifier. Measurements were performed using a Magnehelic differential pressure gage with a relative standard uncertainty of ± 2 % of the reading. Pressure measurements at three flows showed that the pressure difference was a function of the aerosol flow rate only. Results for the pressure drop measurements are reported in Table 1 . Certain trade names and company products are mentioned in the text or identified in an illustration in order to adequately specify the experimental procedure and equipment used. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the products are necessarily the best available for the purpose.
The DMA voltage affects the measurement of the unknown particle size directly and also indirectly through the calibration measurement of the lOOnm SRM®. Uncertainties in the voltage will affect the particle mobility as given in Eq. (2), which will in turn affect the measured particle diameter. A high voltage (1000 V to 10000 V) calibration facility was set up to measure the voltage of the DMA rod using a high voltage divider and a digital voltmeter. A Spellman HUD-100-1 precision resistor ladder was used to step down the rod voltage. The output signal was then measured using a Fluke Corporation 8060A digital multimeter.
Both the resistor ladder and the multimeter have relative standard uncertainties of 0.05 % of the nominal reading over the measurement range. The resistor loop provides DMA rod voltage measurements with relative combined standard uncertainty ±0.08%.
TESTING AND DATA ANALYSIS
Testing of an unknown particle size sample involves a three step process. First, an SRM® 1963 calibration sample is run through the system. Then the unknown sample is measured. Finally, another SRM® 1963 run is completed. The unknown sample is sized relative to the lOO.Tnm SRM®. Sandwiching the unknown between two SRM® runs compensates for possible changes of environmental conditions to provide a more accurate measurement of the test sheath flow.
To complete a measurement, an approximately 50 mL sample of the particle suspension with a concentration of at least 5 x 10 9 particles/mL is placed in the pneumatic nebulizer. Flowrates for the particle flow stream and the classifier sheath flow rate are selected and set. The operator then chooses a sequence of voltages near the peak particle size for the voltage scan. The collection program sets the DMA rod to the desired voltage and then collects readings of the temperatures, barometric pressure, and particle concentration at a frequency of 1 Hz. Measurements are collected for a total of 45 s at each voltage setting. After scanning through the voltages, a voltage setting near the peak is remeasured to check for drift in the instruments. A real-time display of the readings, including the particle concentration allows inspection of the data during testing so the experimenter can easily identify if the system is working properly. The voltage corresponding to the peak particle concentration for the 100.7 nm SRM® is determined by fitting a third order polynomial through a plot of the concentration versus voltage and solving for the voltage at the peak. The voltage is computed for the SRM® data run before and after the unknown and the average value is used in the analysis. Next, the electrical mobility of the 100.7 nm SRM® is computed using Eq. (1) using the best available values for the viscosity, Cunningham slip correction, and the electron charge [2] . The mobility of the unknown particle, Z v , is then computed based on the voltage ratio and the mobility of the 100.7 nm SRM®, Z SRM : (3) The particle diameter for the unknown size distribution corresponding to each mobility is computed using Eq. (1). Because the slip correction is a function of the diameter, an iterative process is used. A graph of the particle number concentration versus the corresponding particle diameter is then plotted. The peak diameter size is determined by fitting a third order polynomial to the graph and calculating the diameter at the peak of the curve fit. In cases where samples have a broad size distribution, a correction factor is used that is based on the instrument convolution integral and involves the product of the transfer function times, the charging probability, and the size distribution.
CONVOLUTION INTEGRAL
The transfer function for the DMA is the probability that a particle entering the DMA aerosol inlet will pass through the slit near the end of the rod. Knutson and Whitby [4] derived an expression for the transfer function and also derived a relationship between the measured number concentration as a function of voltage and a convolution integral involving the mobility distribution. Ehara, et al. [5] modified this convolution integral, expressing it in terms of particle diameter distribution instead of mobility as follows:
where q a is the aerosol flow, q s is the monosize flow,
Ct)(AZ (D )V) is
tne transfer function for the classifier,
is the probability of a unit charge for particle of size D p , and G(D P ) is the size distribution function.
The transfer function has a triangular shape with a peak value of 1 . The ratio of the base of the transfer function triangle in terms of voltage divided by the peak voltage is predicted to be 2(qjq c ), where q c is the sheath flow. Figure 1 demonstrates how the width of the transfer function increases as the particle size increases. This implies that for a size independent number concentration, more particles will be counted at the larger size than the smaller size. The charging probability increases as particle size increases. An approximate expression for the charging probability was developed by Wiedensohler [6] as: (5) where D unit = 1 nm, a 0 = -2.3484, aj = 0.6044, a 2 = 0.4800, a 5 = 0.0013, a 4 --0.1553 and a 5 = 0.0320. The combination of the transfer function and the charging probability skew the results toward a slightly larger measured particle size by shifting the peak of the particle count to a slightly larger diameter. The results of this shift are shown in Figure 2 where the measured peak diameter is 0.64 nm larger than the actual peak diameter. It is possible to estimate the corrected width of the size distribution from an analysis of the convolution integral. A Gaussian size distribution is a good approximation near the peak for a range of PSL calibration spheres, defined by:
where a is the standard deviation, D p is the particle diameter, D is the average particle diameter and N is the total number concentration.
The standard deviation, a, is found by fitting theoretical results to the experimental data. The value of a is varied and the resulting predicted number concentration, N(V), is computed using the convolution integral.
The predicted distribution is then compared to the experimental data, and the standard deviation of the best fit is selected, as shown in Figure 3 for the 100.7 nm spheres. 
EXPANDING THE SIZING RANGE
The detection and characterization of particles as small as 30 nm will soon become a necessity for the semiconductor industry. The NIST particle calibration facility is continuing research to achieve the goal of accurately measuring particles smaller than 60 nm, however the current facilities are not adequate for these measurements. Attempts to measure particles with diameters ranging from 50 nm to 20 nm using the present calibration facility did not produce useful data and indicate that pneumatic nebulization may be incapable of generating useful aerosols for particles in this range. This appears to be due to the size of droplets generated by pneumatic nebulization, which are relatively large compared to the particles. This size difference increases the occurrence of more than one particle per aerosol droplet, thus, promoting the formation of multiplets. Tests conducted using the pneumatic nebulizer with samples in the 20 nm to 40 nm range resulted in broad particle distributions that contained many multiplets and did not have clearly discernable peaks for the singly charged particles. As a result, the data were not useful for analyzing the particle size. In contrast, electrospray, which produces much smaller aerosol droplets, generated measurable aerosol and useable data for the small particles. The electrospray was used to measure particles with a peak diameter of 28.8 nm that could not be measured using the pneumatic nebulizer (Sample A, Table 2 ).
Further investigation into the use of electrospray was conducted for particles nominally 55 nm and 65 nm in diameter. Particle distributions for these samples aerosolized using the electrospray showed very few multiplets. The particle distributions of the same samples aerosolized by the pneumatic nebulizer had many multiplets and the number of multiplets increased as the particle concentration increased. The data also showed there was a small difference between the measured peak particle size for the two aerosol methods. Particles that were aerosolized using the pneumatic nebulizer measured slightly larger than those using the electrospray. As shown in Table 2 , Sample B measured 1.4 nm smaller when the electrospray was used, and Sample C measured 2.5 nm smaller using the electrospray compared to the pneumatic nebulizer. More research is being conducted to determine the reasons behind the measured difference in particle size using the two methods to aerosolize the particles. It is suspected that non-volatile impurities in the water or in the original polystyrene suspension may be affecting the measurements, and this is being investigated. One problem that has been prevalent throughout the testing is clogging of the electrospray capillary tube. The electrospray samples were filtered using a 0.5 Jim pore size filter to remove impurities and large agglomerates, however, this did not eliminate the capillary clogging which continued to occur suddenly and often, slowing the testing process. Finding ways to reduce or eliminate this clogging problem is key to the successful use of the electrospray with particle measurements for sizes 50 nm to 20 nm.
CONCLUSIONS
The particle calibration facility has been upgraded with accurate temperature, pressure, and voltage measurements to better classify the particle sizes. The facility will soon be available as a NIST official calibration service capable of making accurate particle measurements with low uncertainties. Corrections due to particle charging probability, size distribution, and classifier transfer function have been incorporated into the particle measurements to eliminate any measurement bias present in the differential mobility analysis method. Current results using electrospray suggest that the size interval over which particles can be measured can be extended to as small as 20 nm.
